Abstract As a supplementary method to the conventional flood frequency analysis based on annual peak flows, we propose an approach in this paper to infer the flood frequency distribution on quarterly and semi-annual time scale, which are then converted to annual time scale to obtain the floods corresponding to return periods in unit of year. Two criteria for test of data independence, namely, minimum 7 and 15-day interval between two consecutive peak flows, are tested. The proposed approach was applied to Des Moines River at Fort Dodge, Iowa, USA using its 62 years of observation daily flows. The results show that the estimated floods for given return periods from quarterannual data series are in general higher than the corresponding estimated floods from semi-annual data series, which is further larger than estimated floods from annual peak flows. The floods estimated from semi-annual data series agree well with the results of previous US Geological Survey study.
Introduction
Planning, design, and operation of river engineering works, flood mitigation procedures and civil protection strategies all require adequate flood quantile estimate, usually through flood frequency analysis (FFA). It is usually carried out by fitting peak flow observations to a suitable probability distribution. FFA approaches are differentiated in several aspects, including parameter estimation, selection of distribution, and data sampling methods. In general, two approaches are mainly applied in terms of sampling peak flow data series for FFA. Employing FFA using annual maximum series (AM) is the mostly used method in practice where an AM sampling is performed by selecting the maximum peak flow of each year. However, such sampling method can lead to loss of information (Bačová-Mitková and Onderka 2010) . Alternatively, by adopting partial duration series (PDS) (Beguería 2005) , or peak-over-threshold method (POT) (van Noortwijk et al. 2007) , another approach accounts for all peaks above a given threshold level (Madsen et al. 1997a, b) . Sometimes, it is also of interest in the risk of flood in different seasons, especially in the case of construction planning of river engineering works in close proximity to the active river bed for various months or seasons. In these situations, flood frequency distribution (FFD) in given intra-annual periods become extremely important (Baratti et al. 2012) .
In engineering practice, in order to make flood prevention measures and establish flood control infrastructure to ensure the personnel and property safety, the flow quantities and flood magnitude the engineering facilities may encountered in the future is of primary interest, which is frequently obtained by inferring the designed value through flood frequency distribution for given intra-annual or annual periods. While FFA using AM sampling method has been well developed, many PDS and POT based FFA efforts have been reported. Lang et al. (1999) reviewed the methods for modeling the process of over-threshold values, the choice of the threshold level, the verification of the independence of the values, and the stationarity of the process. Ö nöz and Bayazit (2001) shed some light on effect of the occurrence process of the peaks over threshold on the flood estimates. Their methods are mainly for the purpose of getting a more reasonable occurrence process to ensure a satisfactory fit of the annual peak flows thereby putting more emphasis on the annual distribution. Ribatet (2007) analyzed the POT package integrating the tools that were developed to carry out the modeling effort, he also discussed the homogeneity for a regional Bayesian model and concluded this model is less restrictive than the index flood model while preserving the formalism of ''homogeneous regions'' ). Kochanek et al. (2012) introduced the theory of seasonal approach by dividing the seasons into two groups, namely summer and winter, and discussed the practical aspects of applicability of this method to flood frequency analysis of Polish rivers. They concluded that seasonal maximum approach (SM) is obviously more efficient than AM method. Strupczewski et al. (2009) investigated whether seasonal series are more homogeneous than annual series in respect of both the distribution and trend in time and their results showed a seasonal maxima approach to stationary FFA can increases accuracy of quantile estimates in comparison to the annual maxima approach. Bezak et al. (2014) recently discussed different parameter estimation techniques for AM and POT method, concluded POT method gave higher estimated discharge values than the AM series method. Fischer and Schumann (2015) reported that the ''robust'' of POT and rPOT is prior to AMS approach based on monthly maxima above a threshold and the robust estimator of trimmed L-moments.
Although FFA using POT approach has been gaining more attention recently, the selection of threshold value remains challenging, which is critically important to this type of approach but there are no well accepted criteria for the threshold. A threshold, either too high or too low, affects directly the FFA results. For example, when used with different subjective criteria of threshold, the FFA results may become questionable due to the potential inconsistence of each selected flow. Moreover, the independence test for these values as different flood process input is also important. In this sense, POT method seems not mature enough and further investigation is needed before its acceptance for practice. Another approach, SM method extends the sampling data to each season every year according to the flow regime. To some extent, it mitigates the problem of data deficiency, but some of the second and third largest peak flow in a wet year could be larger than the maximum value in a dry year which might not been considered as flood at all. In this sense, this method obviously does not fully use the precious intraannual and annual peak information for different rain processes. On the other hand, a relatively larger dataset is better suited for successful training and testing of regional FFA models (Aziz et al. 2014) .
In this paper, we present a FFA approach using seasonal sampling method. Compared with the well documented approaches proposed by Strupczewski et al. (2012) and Kochanek et al. (2012) , our method ensures more peak values in the choice of flood samples (Table 1 ), which could be very different in terms of their impact on AM distribution and SM distribution. In the present methods, the peak flow values are selected quarterly-annually, semiannually, and annually, respectively, for comparison purpose. While the annual maxima were assumed to be independent, the independence of the quarterly maxima and semi-annual maxima is tested first through the hypothesizing criteria that any two consecutive peaks should be no less than 7 and 15 days. The optimum distribution of quarterly and semi-annual peak flow data series was identified through the goodness-of-fit test (AndersonDarling). The conventional FFA approach was finally applied through the FFD inversion function, and the magnitude of extreme events corresponding to different return periods was determined. The comparison of FFA performance using quarterly maxima and semi-annual maxima with annual peaks indicated the difference between our new method and the conventional method. The proposed method is expected to alleviate the problem of not fully use the precious intra-annual and annual peak information for different rain processes and improve the reliability of flood frequency analysis, especially for short record length sites. For case study, the proposed approach is applied to infer quarter-annual and semi-annual flood frequency distributions for Des Moines River in USA.
Methodology

Frequency curve
There are usually two types of frequency curve in hydrology analysis: empirical frequency curve and theoretical frequency curve. The former is also called plotting position; while the latter was expressed by assuming the peak flow data statistically follows a certain mathematical model. The probability density curve is only one way to represent the sampled data, the distribution of continuous random variables is usually expressed in terms of a probability density curve and cumulative distribution curve. The commonly used probability distribution curves in hydrology mainly include four categories (Reiss and Thomas 2007; Rao and Hamed 2000; Malamud and Turcotte 2006) : (1) the normal family (normal, log-normal, log-normal type 3), (2) the general extreme-value (GEV) family (GEV, Gumbel, logGumbel, Weibull), (3) the Pearson Type 3 model (Pearson type 3, log-Pearson type 3), and (4) the generalized Pareto distribution. The three-parameter gamma distribution (Pearson Type III) has been assumed to fit peak flows in FFA for a long history. However, the direct application of Pearson Type III model may increase the potential safety hazard in engineering, for there is no theoretical justification for choosing one specific model for the distribution of hydrological variables yet (Solari and Losada 2012) . Some empirical distributions such as nonparametric kernel estimation method based on limited data have been explored but these methods confront a big risk when estimating the flood recurrence interval above data capacity (Adamowski 1985) . A better method to handle this problem is to select the best fit distribution through a goodness-of-fit test before using it directly to perform FFA.
About empirical frequency formula mentioned above, numerous plotting position methods have been developed with the form (Chow 1964) ,
where n is the total number of values to be plotted and m is the rank of a value in a listed order by descending magnitude, and b is a constant, often determined by m and n.
Sampling approach and independence criteria
Sampling of peak flows, to our understanding, probably is the primary aspect differentiating each FFA approach.
Meeting the independence condition by the set of selected peaks is a prerequisite to any statistical frequency analysis. AM sampling method picks up the annual peak flows assuming the annual peak flows are independent; whereas, semi-annual and seasonal approach sample one peak flow for each half-year and quarter of year (water year), respectively. Due to the partitioning strategy of putting all peak values into a same sampling system, the features for each sample may submerge in the data series, but the increased quantity of values could contribute more to analysis. However, the independence of the sampled peak flow series needs to be tested in the latter approaches. In order to determine whether the sampled seasonal or semi-annual peak flow series are independent, some evaluation criteria are needed. In this study, we first select the peak flow rate of each half year and seasonally respectively for semi-annual sampling method and seasonal sampling method. Two criteria are used to determine the sample data accounting for independence of the data series. First, we assume that the time interval of two adjacent peaks is no less than 7 days (Case A) and 15 days (Case B) to ensure their independence. If the time interval of adjacent two peak flows is less than 7 days (Case A) or 15 days (Case B), we assume the two peaks are from the same rainfall event and does not meet the criteria of independence test. We then substituted the smaller peak flow with the second largest peak of its season or half-year, forming a new set of two adjacent peaks. The time interval of the newly formed adjacent peaks is checked again using the criteria of 7 days (Case A) and 15 days (Case B), until the time interval meets the criteria. For example, in the Des Moines River case study of this work, the first half-year peak flow of 2010 was 988.26 m 3 s -1
in semi-annual sampling approach, appearing on June 27th, while the peak of the second half-year appeared on July 1st, being 651.29 m 3 s -1 . While the two values are sampled as peak of each half-year, the time interval between this two peaks is only 4 days, which is less than either 7 days (Case A) or 15 days (Case B). These two peaks are assumed to be resulted from the same rainfall event, and we assume they are dependent and the new peak value of the second halfyear then needs to be sampled from the second largest flow in the second half-year of 2010.
In additional to the time interval criteria, we also refer to the criterion given by the US Water Resources Council (1981) . USWRC imposes that successive flood events be separated by at least as many days as five plus the natural logarithm of square miles of basin area, or another criterion is adopted that states that the intermediate flows between two consecutive peaks must drop below 75% of the lowest of these two flood events, this condition means that the second flood peak Q 2 must be rejected if: Fig. 1 Locations of the selected streamflow gauging stations in Iowa, America
where h refers to time interval between the nearby flood events, Q min is the intermediate flows between two consecutive peaks, A is the basin area (m 2 ) and Q i is the magnitude of the i-th flood event.
Cunnane (1979) provides the following criteria. The second flood peak Q 2 must be rejected if:
where T p is the average time to peak of the first five 'clean' hydrographs. According to the above two criteria from USWRC and Cunnane, and accounting for the characteristics of precipitation and watershed features, we weed out the peaks that does not meet the 7 and 15 days assumption (Aleotti 2004) and fill up with the next ranked flood value of the sampling period of the smaller peaks of any two adjacent peak values.
In order to check the correlation between Semi-annual and Quarter-annual peak flows, we also adopted the method applied by Kochanek et al. (2012) in their research. As mentioned in their research, the correlation between the two series should be rather positive. Indeed, the correlation coefficient both Pearson's (q) and Spearman's (R), calculated for Semi-annual and Quarter-annual peak series are positive, but they are nonsignificant (Table 2) . Null hypothesis of statistical mutual independence of Semi-annual and Quarter-annual series is justified and, consequently, the independence of Semi-annual and Quarterannual peaks can be assumed in FFA model for Fort Dodge gaging station of Des Moines River, Iowa. The critical region for the significance level a = 0.01 equals |q| C 0.2353 and |R| C 2350 for Pearson's and Spearman's correlations, respectively.
Choice of distribution model
After the selection of an appropriate distribution model and the determination of a parameter estimation method (e.g., method of moments, maximum likelihood, or probability weighted moments), the next step involves the estimation of extreme event quantiles from a series of peaks and the verification of floods independence. The maximum likelihood method is used to estimate the parameters of 14 candidate distributions (Table 6 ) built in Minitab Ò , and goodness-of-fit test is performed to select the distribution that fits the data at 5% significance. According to the research contributed by Haddad (Haddad and Rahman 2011) , Anderson-Darling Criterion (ADC) was used in recognizing the parent distribution.
Conversion of frequency
Different sampling approaches owing to different time scales gives different set of peak flows series based on which FFA is to be performed. In this study, we obtain three kinds of peak runoff data series on the time scale of year, half-year, and quarter-annual, respectively. While it is relatively easy to understand the FFA results of annual peak data series, the interpretation of FFA results of semiannual peak data series and quarter-yearly peak data series is not straightforward. Based on the theory proposed by Langbein (1949) and (Keast and Ellison 2013) , we follow the following conversion relationship between the innerannual frequency and the annual frequency, which is illustrated by taking the ''once-in-a-century flood'' estimation for example. For the annual maximum flood series data, the sampling method and the calculation of flood frequency are identical to the conventional FFA method. For FFA using semi-annual sampling method, the obtained ''once-in-a-century flood'' was corresponds to the magnitude of P = 1% value of X p on frequency curve with time scale of yearly, which actually stands for the ''once-in-200-semi-annual flood'', i.e., with the flood magnitude X p of P = 0.5% on the frequency curve with time scale of semiannual. Similarly, the ''once-in-a-century flood'' will be the one with magnitude X p of P = 0.25% in the frequency curve in quarter-yearly scale. 
FFA for Des Moines River Basin
Three sets of peak flow data were prepared for FFA in this study. The annual peak flows were obtained by taking one peak value for each calendar year assuming the data independent. The semiannual and quarter-annual peak series were obtained by picking up one peak flow data for each half-year and quarter-year, respectively, with independence taken into account. For semi-annual and quarter-annual data series, this paper assumes that the time interval between two consecutive peaks is no less than 7 days (Case A) and 15 days (Case B) to ensure the data are independent. Following this assumption, for example, given that the peak flow of the first half-year of 2010 in the gage station occurs on June 27th, we left out the maximum value occurring on July 1st in the second half-year of 2010, but adopted the peak of July 23th, in order to meet the 7-day minimum requirement. This value is actually the 3rd peak flow of the second half-year. Following this manner, we obtained the semi-annual and quarter-annual peak flow series for Case A. Similarly, we could obtain semi-annual and quarter-annual peak flow series for Case B where the only difference is that the data are assumed to be independent with minimum 15-day of time interval for any two consecutive peak flow data. Table 3 presents the differences between the two cases for quarter-annual data, indicating larger peak flows are included in Case A data series than in Case B. The obtained semi-annual and quarter-annual peak flow of both Case A and Case B were then verified with Eqs. (2) and (3). The obtained five peak series are shown in Figs. 2, 3, and 4, respectively.
The goodness-fit-of test is then performed and the results for the data sets are presented in Tables 4, 5 and 6, respectively. It shows that the three-parameter gamma distribution fits the quarter-annual peak data, both Case A and Case B, the best, whereas the gamma distribution fits the semi-annual peak data, both Case A and Case B, and annual peak data the best. The parameters associated with each selected distribution are provided in Table 7 .
The floods corresponding to the assigned return period T (5, 10, 20, 50, 100, 200, and 500 years) are then obtained . The results are shown in Table 8 and Figs. 5, 6 compares the PDFs of each data series.
USGS (2001) performed flood frequency analysis for all the gaging stations of Iowa, USA using annual peak-flow data collected through September 30, 1997. Two approaches, Bulletin B17 and regional flood frequency analysis approach were employed and the results by both approaches were extracted and presented in Table 8 for comparison purpose.
Discussion
The calculated magnitudes for each flood frequency show an overall pattern (Table 8) in the order of conservativeness, quarter-annual peak data, semi-annual peak data, and annual peak data. Between Case A and Case B data series for quarter-annual and semi-annual data series, the estimated flood for given frequency from Case A data is overall larger than the one from Case B data series with several exceptions for Case B data series. For return periods less than 50 years, the estimated floods from Case A data series of semi-annual peak flows are higher than those estimated from Case B, whereas, for return periods over 50 years, the estimated floods from Case A data series of semi-annual peak flows are lower than those from Case B. However, it should be noted that those discrepancies are relatively insignificant (Table 8) . When compared our designed value with AM method, it is obvious that the semi-annual sampling method provides a closer estimation to the statistic value from USGS, especially for flood return period equal or above 200 years. The least percentage error between semi-annual series in 15 days sampling method and USGS value is 0.04% for return period of 200 years, while this value for AM method is 3.49%, our method proved to be an improvement in FFA.
The skewness of annual process method is the lowest, mostly at the right side, the quarterly process method has the highest kurtosis mostly located left side, and the semiannual method is in the middle. The characteristics of the skewness and kurtosis of the PDF figure likely owes to the independence interval of 7 and 15 days criteria could include more large extreme value (in Table 3 ) than for annual maxima treatment.
The difference of estimated floods for given return periods among the data sets results primarily from the data sampling method and independence test of peak flow data. All the peak flow data of quarter-annual series and semiannual series, both Case A and Case B, meet the independence criterion of Eq. (2). Most data meet the second criterion of Eq. (3); just very few data directly screened by Case A and Case B criteria failed to meet the second criterion of Eq. (3) and need to be replaced with other data from the observation daily flow series. We did not check the first criterion of Eq. (3) due to lacking detailed flood information. In general, the criteria of Case A and Case B in this case study work well.
As a statistical approach, FFA requires enough number of observations, and moreover, in general, the more the data, the more reliable and the less uncertainty the obtained results from FFA. The major objective of the proposed FFA sampling method in this study is to use more information from the observations, especially for the case of hydrological observations which often has only a handful dozens of annual observations. For example, in this study, the annual maxima method only includes 62 annual peak flow values, but the semi-annual method increases the number of peak flows to 124 and the quarterly method further expands the number to 248. This expanding is quite meaningful for some gauge stations lack enough statistic value or with short records. It also provides considerable improvement on long term flood estimation according to the research from USGS.
Conclusions
This paper presents an alternative flood frequency analysis method based on semi-annual and quarter-annual peak flows, which could provide flood information in a finer time scale less than 1 year. The proposed approach is demonstrated through a case study on Des Moines River Basin in Iowa, USA, using 62-year daily flow data of USGS gaging station USGS 05480500. The two independence criteria are also verified by two reported studies. The case study shows that the quarter-annual data series might overestimate the floods compared with Bulletin B17 approach and regional flood frequency approach; whereas, the floods estimated from semi-annual peak flow agree with the results of USGS (2001) . All in all, for short record length sites, it is recommended of adopting the method proposed in this paper, also, for long term estimation of flood, semi-annual sampling method is supposed to provide a more accurate designed value.
While the present approach is straightforward, it is critical to select peak flow data series with independence taken into account. Two tentative criteria, namely, minimum 7 and 15-day interval between two consecutive peak flows, are proposed and tested in the case study. Further research on the easy-to-obtain independence criteria account for factors such as size of watershed, climate, and typical type of rainfall would help make the proposal approach applicable more feasible.
techniques of river basin water cycle process simulation (2013BAB05B04). Thanks for the website of USGS for free data downloading.
